Core-collapse supernova (SN) explosions may occur in the highly inhomogeneous molecular clouds (MCs) in which their progenitors were born. We perform a series of 3-dimensional hydrodynamic simulations to model the interaction between an individual supernova remnant (SNR) and a turbulent MC medium, in order to investigate possible observational evidence for the turbulent structure of MCs. We find that the properties of SNRs are mainly controlled by the mean density of the surrounding medium, while a SNR in a more turbulent medium with higher supersonic turbulent Mach number shows lower interior temperature, lower radial momentum, and dimmer X-ray emission compared to one in a less turbulent medium with the same mean density. We compare our simulations to observed SNRs, in particular, to W44, W28 and IC 443. We estimate that the mean density of the ambient medium is ∼ 10 cm −3 for W44 and W28. The MC in front of IC 443 has a density of ∼ 100 cm −3 . We also predict that the ambient MC of W44 is more turbulent than that of W28 and IC 443. The ambient medium of W44 and W28 has significantly lower average density than that of the host giant MC. This result may be related to the stellar feedback from the SNRs' progenitors. Alternatively, SNe may occur close to the interface between molecular gas and lower density atomic gas. The region of shocked MC is then relatively small and the breakout into the low density atomic gas comprises most of the SNR volume.
INTRODUCTION
An important class of core-collapse supernova remnants (SNRs) has been found to be interacting with molecular clouds (MCs), presumably the birth clouds of the supernova progenitors. Direct evidence for SNR-MC interaction comes from observations of the OH (1720 MHz) maser transition line, which is a powerful tracer associated with SNR shock waves in MCs (Frail, Goss & Slysh 1994; Claussen et al. 1997; Frail & Mitchell 1998; Claussen et al. 1999; Wardle & Yusef-Zadeh 2002 and references therein) . More generally, SNR-MC interaction can be shown by broad molecular line features, including H2, CO, HCO + , HCN, and CS (Seta et al. 1998 (Seta et al. , 2004 Reach et al. 2005; Jiang et al. 2010; Lee et al. 2012; Slane et al. 2015 and references therein).
There is a strong correlation between SNRs that show molecular emission and those that have a mixed morphology. The term "mixed morphology" (also called "thermal composite") is used for SNRs that show a shell structure at radio E-mail: dz7g@virginia.edu wavelengths, but center-filled emission at X-ray wavelengths (Rho & Petre 1998; Jones et al. 1998) . Among the known 295 Galactic SNRs (Green 2014) , about 40 SNRs belong to this category (Lazendic & Slane 2006; Vink 2012) . Good examples of this type of remnant are W44, W28 and IC 443, all of which are known to be interacting with MCs. Several generations of X-ray satellites have been used to observe the detailed X-ray properties of these SNRs (see Section 5 for references). The X-ray emission is primarily thermal, so it gives information on the hot gas content of the remnants. A more recent finding is the evidence for a recombining Xray spectrum, which has been observed for W44 (Uchida et al. 2012 ), W28 (Sawada & Koyama 2012) , and IC 443 (Yamaguchi et al. 2009; Ohnishi et al. 2014 ) among others. Furthermore, many of these remnants have been detected as sources of high energy γ-ray emission, both at GeV (Fermi and AGILE) and TeV (ground-based Cherenkov detectors) energies (e.g., Abdo et al. 2010a,b,c; Tang & Chevalier 2014; Humensky & VERITAS Collaboration 2015) .
The origin of the mixed morphology SNRs is still unclear. A variety of analytic models beyond the standard SNR model (e.g., Sedov 1959; Chevalier 1977; Draine 2011) have been proposed for these SNRs. These analytic models describe dense clumps surrounded by the interclump ambient medium with a low density. developed self-similar solutions for the interaction of a blast wave with clumps, showing that evaporation of the clumps by thermal conduction could lead to center filled thermal X-ray emission. In this model, the blast wave moves rapidly through the interclump medium and does not cool. Chevalier (1999) proposed a model for SNRs primarily propagating in the interclump medium with a density ∼ 5−25 cm −3 and interacting with molecular clumps with a density ∼ 10 3 cm −3 . Models for W44 and IC 443 involved the supernova shock wave becoming radiative in the interclump region, and the interaction of the cool shell with clumps giving rise to the molecular emission. Cox et al. (1999) and Shelton et al. (1999) developed a partially radiative remnant model for W44, with an emphasis on the X-ray emission. In this model, there is a gradient in the ambient density, which is 6 cm −3 on average. A key feature of the model is the action of thermal conduction in the hot gas. Reach et al. (2005) presented molecular line observations of the remnants W44 and W28, leading to a model for W44 in which a non-radiative shock wave with velocity 500 km s −1 moves through an interclump medium with a density of 5 cm −3 .
An important feature of MCs is turbulence. Molecular lines from MCs show a correlation between the length of MCs (L) and the widths of lines (σ) that σ ∝ L , with ∼ 0.2−0.5 (Larson 1981; Heyer et al. 2009; Lombardi Alves & Lada; Schneider et al. 2011) . The σ − L relation shows that molecular lines have features that indicate the presence of supersonic turbulence (Zuckerman & Evan 1974; Falgarone & Philips 1990) . Such turbulent motions can generate a turbulent density structure, and there is evidence for such structure from the column density distribution of CO and dust in MCs (Padoan et al. 1997 ) and the density of H2CO (Ginsburg et al. 2013 ). On the other hand, numerical simulations have been performed to study turbulence structure for two decades (Gammie & Ostriker 1996) . Simulations show that for isothermal gas, the density probability distribution function (PDF) with respect to mass or volume tends to a lognormal distribution in the case of supersonic turbulence (Vazquez-Semadeni 1994; Ostriker, Stone & Gammie 2001; Kevlahan & Pudritz 2009; Lemaster & Stone 2009a,b) . The peak of the distribution with respect to mass gives the density of clumps that have most of the mass, while the peak of the distribution with respect to volume gives the density that occupies most of the volume.
Recently, a series of 3-dimensional (3D) numerical simulations have been carried out to investigate the evolution of SNRs interacting with a multiphase or turbulent medium. Martizzi et al. (2015) considered SNR expansion into a density structure with the lognormal density distribution expected from supersonic turbulence, quantified the momentum and energy injection from individual SNRs into the turbulent ISM, and developed a series of analytic formulae that provide the "sub-grid" models for galaxy-scale simulations of SN-driven outflows (Martizzi et al. 2016; Fielding et al. 2017) . Walch & Naab (2015) considered a fractal density structure and a lognormal probability distribution function (PDF), and studied the SNR-MC interaction. Iffrig & Hennebelle (2015) allowed a presupernova turbulent velocity field to act, leading to the assumed density structure, with a declining PDF at high density more like a power law than a lognormal distribution. Kim & Ostriker (2015) also simulated 3D remnants, but in a 2-phase interstellar medium, not a turbulent density structure. All the above works had the aim of determining the supernova remnant momentum and energy feedback in the ISM and MCs for large scale simulations of galaxy formation and evolution. The emphasis was thus on the late times, with little attention to the appearance of middle-aged remnants.
Other numerical simulations directly modeled synthetic emission from remnants and compared to observations. Slavin et al. (2017) presented 2D and 3D hydrodynamic simulations including thermal conduction to test the analytic model of . The effects of nonthermal broadband emission were simulated by Ferrand, Decourchelle & Safi-Harb (2014) . Direct comparison between simulations and observations including SN 1987A (Orlando et al. 2015) , Cassiopeia A (Orlando et al. 2016) , and CTB 109 (Bolte, Sasaki & Breitschwerd 2015) . However, turbulent molecular clouds were not involved in these works.
Our purpose in this paper is to perform hydrodynamic simulations to model SNR interacting with a turbulent medium, in order to see whether the interaction shows observational evidence for the turbulent structure of the surrounding clouds. We organize the paper as follows. We discuss the models of MC turbulence in Section 2.1, radiative cooling and X-ray broadband emission in Section 2.2, and the simulation setup for our work in Section 2.3. The simulation results are shown in Section 3, and synthetic X-ray images and light curves are shown in Section 4. In Section 5 we compare our models to observations of remnants, in particular, to W44, W28 and IC 443. Conclusions and discussion are in Section 6.
NUMERICAL METHOD AND SIMULATION SETUP

Turbulent Molecular Clouds
Giant molecular clouds (GMCs) are highly inhomogeneous (Hennebelle & Falgarone 2012 and references therein) . It is still unknown what mechanisms drive supersonic turbulence in GMCs. Gravity, star formation feedback, and magnetic fields may play a significant role in maintaining the turbulence, which is expected to rapidly dissipate without energy injection (Mac Low & Klessen 2004; Krumholz & Burkhart 2016) . In this paper we neglect the energy source of turbulence, and use a "decaying model" to describe the turbulent structure in GMCs. Following Ostriker, Stone & Gammie (2001) (see also Stone, Ostriker & Gammie 1998; Lemaster & Stone 2009a,b) , we perform a series of 3D turbulence simulations with an initially uniform, stationary gas and assume an isothermal equation of state for the gas. The initial velocity perturbation is generated following a Gaussian random distribution with a Fourier power spectrum |v
with k being the wavenumber between two cutoffs kmin and kmax. We set kminL/(2π) = 1 and kmaxL/(2π) = N/2, where L is the length of the box, and N is the number of zones in each direction. We use N = 512 for most of the simulations. the velocity dispersion in the gas. We use the turbulence driver implemented in the codes athena and athena++ to carry out simulations with initial supersonic Mach number M = 3, 10 and 30, and let the turbulence decay with time, creating inhomogeneous GMCs. Figure 1 shows the snapshots of the density probability distribution function (PDF) at t/t * = 50, where t * = L/(N Mcs) is the time it takes the flow to cross one zone. Much of the mass is in the high density gas and much of the volume is in the low density gas. The turbulent MCs have density and volume PDFs with lognormal distributions:
where y = log ρ/ρ andρ is the mean density. The mean and dispersion µ and σ are related by σ = 2µ/ ln 10 ≈ 0.93 √ µ (Ostriker, Stone & Gammie 2001) . For density PDFs, we find that for density PDFs µM ≈ 0.25 and σM ≈ 0.47 for M = 3, and µM ≈ 0.52 and σM ≈ 0.67 for M = 10. Turbulence with higher Mach number decays faster than that with lower Mach number, so the density and volume profiles of the run with M = 30 are only slightly different from the run with M = 10. In addition to the decaying model for turbulence simulations, the "energy injection model" with continuous energy injection into the turbulent medium (Lemaster & Stone 2009a ) will be discussed in Section 5.
Radiative Cooling and X-ray Emission
For the interaction between a SNR and a turbulent MC, a crucial part is the allowance for radiative cooling of the shocked gas. The 1D spherical case of a cooling SNR in a uniform medium has been well studied (Chevalier 1974; Cioffi et al. 1988; Draine 2011) . A basic result is the expansion of a SNR occurs several stages. A SNR first expands freely until its swept-up mass becomes comparable to its initial ejected mass. Then, the SNR moves to the blast wave stage -the socalled Sedov-Taylor (ST) stage with a self-similar structure. After radiative cooling becomes important the SNR goes to the third and longest stage -the radiative cooling stage or the "snow-plow" stage. The radiative cooling stage can be divided into the early pressure-driven snow plow stage in which the thermal pressure of the SNR cannot be neglected, and the late momentum-conserving stage. Eventually the SNR forward front shock velocity decreases to the sound speed of the ambient medium. The multiple stages of SNR evolution have been confirmed by recent 3D numerical simulations (Kim & Ostriker 2015; Walch & Naab 2015) . Following these numerical simulations, we model radiative cooling of SNR in two different gas temperature regimes. For gas temperature T 10 4 K, we use the cloudy code version 17.00 1 (Ferland et al. 2017) to generate the collisional ionization equilibrium (CIE) cooling function Λ (in the unit of erg cm 3 s −1 ) for solar metalicity. The treatment of CIE is simplified, as the radiative interface may not be in ionization equilibrium. A better treatment of non-equilibrium ionization (NEI, Kafatos 1973; Shapiro & Moore 1976; MacDonald & Bailey 1981; Sutherland & Dopita 1993; Harrus et al. 1997) have been used to give the detailed interface structure. However, it was shown that these details are irrelevant to the global evolution of a remnant, and CIE is a good approximation to model the dynamics of the remnant (Bertschinger 1986; Cioffi et al. 1988) . For low gas temperature T < 10 4 K, we adopt the analytic cooling function given by Koyama & Inutsuka (2002) for simplicity: Λ = Γ 10 7 exp −1.184 × 10
5
T + 1000
where Γ is the heating rate Γ = 2 × 10 −26 ergs s −1 . Equation (2) was derived from analytic fitting of the Lyman α and C + cooling rates at solar metallicity.
In order to compute X-ray emission from SNRs (see Section 4), we also need to obtain cooling functions in the X-ray bands. Here, we use the spex package 2 (Schure et al. 2009 ) to generate the broadband emission between 0.5 − 2 keV (soft X-ray), 2 − 8 keV (hard X-ray) and 0.5 − 8 keV (see also Zhang et al. 2014) . Note that the X-ray emission from SNRs has long been observed and modeled as in the stage of NEI. As discussed by Schure et al. (2009) , the NEI cooling rates are lower than that of a CIE cooling curve, but the differences between NEI and CIE emission are quite small for T ≥ 10 6 K. Therefore, we still use CIE treatment as an approximation. Figure 2 shows the total cooling function Λ and broadband emission as functions of temperature.
Simulation Setup
We perform a series of simulations in a 3D computational box using the athena++ code (White, Stone & Gammie 2016) . The ambient turbulent MC as the background in the box is generated by the turbulence driver as introduced in Section 2.1. Table 1 summarizes parameters of the turbulent MC background in this paper. We chosenH = 100 cm −3 and the gas temperature of T = 30 K as the typical mean density for MCs (Blitz 1993; Williams, Blitz & McKee 2000) , with M = 10 as the fiducial run (MC1). The other two turbulent MC models have M = 3 (MC2) and M = 30 (MC3), as given in Section 2.1. The box size is L box = 16 pc fornH = 100 cm −3 . We also performed two other sets of simulations: one with the ambient mean densitynH = 10 cm −3 , T = 300 K with a box size of L box = 64 pc, and another with the interstellar medium mean densitynH = 1 cm −3 , TISM = 2500 K and a box size of L box = 128 pc. In all cases, the ambient temperature and pressure were sufficiently low that they do not affect the dynamics of a middle-aged SNR. The zone size is ∆x = L box /N , with a fiducial zone number of N = 512. Therefore ∆x = 1/32 pc, 1/8 pc and 1/4 pc fornH = 100 cm −3 , 10 cm −3 and 1 cm −3 respectively. An individual SNR is located at the center of the box with an initial radius of 20∆x, a total thermal energy of 10 51 ergs, and an initial mass of 3 M . The initial energy and size of the SNR are similar to those in Kim & Ostriker (2015) .
The most straightforward test of the SNR evolution is the adiabatic Sedov-Taylor (ST) solution for a spherical blast wave in a uniform medium. Therefore, we also carry out a "uniform run" to test the analytic ST model. Although the initial structure of the SNR with a radius of 20∆x is different from the ST solution, the SNR quickly converges to the ST solution. However, for a cooling SNR even expansion in a uniform medium can be complex due to hydrodynamic instabilities near the shock front (Sutherland et al. 2003) . Our simulations with a resolution of ∆x from 1/32 pc to 1/4 pc do not resolve the cooling region and so are not accurate on these small scales.
The main feature of our simulations is the inclusion of a turbulent density structure and radiative cooling. Compared to the fiducial run, we also carry out an "adiabatic run" with the turbulent structure and no cooling to separate out this particular aspect. This case would give an upper bound of the SNR size and swept-up mass compared to the runs with radiative cooling.
Since the simulation resolution may not be high enough Notes. The names MCi stand for molecular cloud model i with different initial inhomogeneous setups, and M is the turbulent Mach number for the turbulent MC models. RunsnX have similar inhomogeneous setups to MC1 but the mean density of the molecular cloud background is X cm −3 and with different size of the 3D computational box. Here L box is the size of the box, and N is the number of zones in each direction of the box.
to resolve the structure of the interface, a zone across interfaces between hot and cool gas is treated with an intermediate temperature gas temperature in the entire zone. Thus the emissivity in this zone is higher than the realistic case, in which only part of zone has radiative cooling. There is thus the potential for overestimating the effects of radiative cooling in our simulations. We turn to convergence testing to check whether the simulation results depend on the resolution or not. We also carry out a low-resolution run with 256 3 zones and high-resolution run with 1024 3 zones to compare to the fiducial run.
HYDRODYNAMIC RESULTS
We first consider the fiducial run MC1. Figure 3 shows three snapshots of the density, temperature, pressure and velocity from the run MC1. We adopt an isothermal MC background so the turbulent density causes the initial pressure fluctuations in the background, but the background pressure is much lower than the SNR pressure and can be ignored. The morphology of the SNR depends on the density distribution of the ambient MC. The forward shock front of the SNR shows some sub-pc finger structures due to the interaction between the SNR and the inhomogeneous MC. The SNR expands from the radii of ∼ 2 − 4 pc at t = 4.9 kyr to ∼ 4 − 6 pc at t = 24.6 kyr. The density in the interior region of the SNR decreases from nH ∼ 1 cm −3 to nH ∼ 10 −2 − 10 −1 cm −3 , and the temperature and pressure drops from ∼ 10 7 − 10 8 K and ∼ (10 7 − 10 8 ) kB cm −3 K to ∼ 10 6 − 10 7 K and ∼ 10 5 kB cm −3 K because of radiative cooling. The interface zones between the SNR and the background MC has T ∼ 10 4 K. The velocities vary along different directions; in general, we find that the velocity deceases from ∼ 500 km s −1 to 100 km s −1 in three snapshots. These properties are comparable to those from the uniform case which will be discussed below. Figure 4 compares the morphologies of SNRs in various models at a fixed time 12.3 kyr. Compared to the fiducial, MC2 and MC3 runs in which the ambient medium has the same mean density, the adiabatic run shows the fastest expansion with significantly higher density and pres- Table 1 . Snapshots are taken at t = 12.3 kyr.
sure in the interior region of the SNR. Radiative cooling leads to a smaller SNR, by a factor less than two. In contrast to the runs withnH = 100 cm −3 , runn10 shows a larger SNR (∼ 10 pc) with significant higher interior temperature ( 10 7 K) and faster expansion. For the samenH, the morphology of the SNR in run MC2 is slightly different from that in run MC3 due to the different MC turbulent structure of the ambient MC. An initially smoother turbulent structure (lower M) leads to a faster SNR expansion in some directions, with a smaller interface region (T ∼ 10 4 K).
More quantitatively, we define some quantities to describe different gas components and measure the properties of SNRs. Following Kim & Ostriker (2015) , we define the average radius of the SNR as calculated by rSNR = shell ρr(∆x) 3 / shell ρ(∆x) 3 , where the shell region of the SNR is defined as the interface zones between the SNR and the MC background with T < 2 × 10 4 K but radial velocity vr > 1 km s −1 . The thermal and kinetic energies of a SNR are summed up over the zones with temperature higher than the background temperature, and the momentum feedback from a SNR to the ambient medium is measured by the radial momentum pSNR = ρv · r(∆x) 3 . For the uniform medium case, Kim & Ostriker (2015) using the athena code and Walch & Naab (2015) using the SPH code seren compared their numerical results to the analytic results, and found good agreement. We also found similar results using the athena++ code. Figure 5 shows the evolution of c 0000 RAS, MNRAS 000, 000-000 SNR radii rSNR, swept-up mass Msw, total (thermal and kinetic) energy and radial momentum of the SNR pSNR in MC1, for the uniform and the adiabatic runs. The SNRs in MC1 and the uniform run show similar expansion behavior, as they have similar rSNR and Msw. This result is different from that in Martizzi et al. (2015) , who found that a SNR in an inhomogeneous medium is larger than that in a uniform medium with the same mean density (their Fig.  3 ). The difference between Martizzi et al. and our work is caused by the different turbulence models. Martizzi et al. adopted the lognormal density PDF from Lemaster & Stone (2009b) with a power spectrum for spatial correlations to generate a turbulent density structure. In contrast to their method, we add velocity perturbations with a Gaussian profile into an initially uniform medium, and generate density structure by velocity perturbations. In their models, Martizzi et al. found that the turbulent medium has low density channels, which allow faster SNR expansion in some directions. The turbulent medium in our simulations does not show such low-density channels, while the high-density filaments around a SNR slow down the SNR expansion almost in every direction. Figure 5 also shows that the total energy in the SNR decreases faster in MC1, and the radial momentum is also lower compared to the uniform run. Because the SNR interacts with denser gas in MC1, more energy is radiated away in the interface region. This result is consistent with Martizzi et al. (2015) (see their Fig. 4 ). On the other hand, the adiabatic run shows significantly larger rSNR as an upper bound size of the SNR without cooling, largest swept-up mass and radial momentum pSNR. We cut off the adiabatic run at ∼ 50 kyr once most of the SNR interior energy escapes the computational box. The adiabatic run can be used to diagnose our simulations: the turbulent structure is fractal in nature, so it does not add a new length scale, and the flow can be expected to approach an approximately self-similar flow with the ST solution rSNR ∝ t 0.4 . Figure 5 shows that rSNR ∝ t 0.4 for t 10 kyr; then rSNR increases more slowly than the power-law of the ST solution. Deviation from the ST solution occurs because some SNR material starts to escape the computational box after 10 kyr, so the averaged size of the SNR is smaller than the actual size. Figure 6 shows the remnant evolution for five runs: MC1, MC2, MC3,n10 andn1. We find that for the samenH, different turbulent backgrounds give slightly different SNR evolution. The smoother the turbulent structure (lower M) of the background, the slower radiative cooling occurs in the SNR and the higher the momentum feedback pSNR. Interestingly, although the size of the SNR in MC2 is larger along some directions than that in run MC3, the averaged rSNR and the swept-up mass are very similar in both runs. On the other hand, obvious differences can be observed for runs with variousnH, because lowernH leads to a larger SNR and faster expansion with slower radiative cooling. Therefore we expect that the averaged size and shock velocity of a SNR can still be approximately described by the analytic estimate for the uniform case. Note that for the radiative cooling (snow plow) stage the radius of a SNR has the dependence rSNR ∝ E 0.227 0 (nH) −0.263 , where E0 is the initial energy (Draine 2011, or see Appendix A for details). Since the initial energy of a SNR cannot vary too much, butnH can change by several orders of magnitude, we conclude that nH is the controlling parameter for the size and expansion of a SNR.
We also investigate the effects of spatial resolution. Figure 7 shows three density snapshots at the same time for the low-resolution run (256 3 zones), the fiducial case (512 3 zones), as well as the high-resolution run (1024 3 zones). It can be seen that the basic structure is similar in all three cases. More quantitatively, we compare the evolution of the SNRs in the fiducial and the high-resolution runs, and find almost identical results. This is reassuring for the fidelity of our results for 512 3 resolution. However, we cannot completely rule out the possibility that radiative effects are overestimated and the simulations only slowly converge with increasing resolution to small scales (e.g., Gentry et al. 2018; Steinberg & Metzger 2018) . Nevertheless, even if the radiative cooling is overestimated, the adiabatic run shown in Figures 4 and 6 gives the largest size of a SNR it could be. The effect of radiative cooling is still less significant than the ambient mean density. 
X-RAY EMISSION
X-ray observations are important in the study of SNRs. The shocked ambient medium can be heated to produce thermal bremsstrahlung and line emission. Ignoring any non-thermal (synchrotron) component of X-ray emission, we can calculate the synthetic X-ray thermal fluxes from our simulations using the broadband emission introduced in Section 2.2. The X-ray continuum emission from each zone of the SNR region in the simulations is
is the emissivity at temperature T between the two (X-ray) frequencies ν1 and ν2 (see Figure 2) . Here we assume solar metallicity, and ne is the electron density. We calculate the X-ray fluxes along each direction of the computational box: where
{i} is the integrated X-ray flux along the i direction. We neglect the flux attenuation along the line of sight. Figure 8 shows the images of the X-ray emission between 0.5 keV to 8 keV from the runs MC1, MC2, adiabatic, n10 andn1. The first three columns show the X-ray image snapshots along the z direction at three times t = 4.9 kyr, 12.3 kyr and 24.6 kyr, except for the last runn1, for which we show X-ray snapshots at much longer time to 123 kyr. The last column shows the X-ray snapshots along the x direction at t = 12.3 kyr, except the snapshot of runn1 is at t = 73.7 kyr. Comparing X-ray images from runs MC1 and MC2, we find that for the same mean densitynH, the X-ray emission from the SNR in a less turbulent medium is brighter. This is consistent with Figure 6 which shows slower radiative cooling for a SNR in a less turbulent background. The size of X-ray images in each run is comparable to the 2D slices shown in Figures 3 and 4 . However, the finger structures of the interfaces in the 2D snapshots are mostly erased in the X-ray images due to the line of sight integration. In contrast to Figures 3 and 4 which show complex interface structure, there are clear and smooth boundaries between X-ray images and the "X-ray-dark" background.
By integrating X-ray emission over the entire SNR evolution, we can obtain X-ray light curves. Figure 9 shows X-ray luminosities LX for various models. The luminosities sensitively depend on the ages of the SNRs. Runs MC1, MC2 and MC3 show a very fast decreasing LX , which drops 5 to 6 orders of magnitude in 50 kyr. For runsn10 andn1, luminosities decrease slower than in the first three runs, but we still find LX dropping by almost 4 orders of magnitude in 70 kyr for the least dense medium,n1. Also, we find that the ambient turbulent structure plays an important role in shaping the X-ray luminosity. For the samenH, a smoother ambient background gives higher luminosity -there is one order of magnitude difference between LX from MC2 and MC3. The X-ray light curves quantitatively analyze the images in Figure 8 , and we will use both the synthetic X-ray images and light curves to compare to observations.
COMPARISON WITH OBSERVATIONS
We compare our simulation results in Sections 3 and 4 to SNR observations, in particular to W44, which is interacting with a GMC within which it is embedded. Two other examples are W28 and IC 443, but they appear to be only partially interacting with molecular gas. In addition to the observed size, age and X-ray emission of these SNRs, we also discuss radio observations of these SNRs. Radio combined with X-ray emission provide the morphological information on SNRs. More importantly, radio emission extends to the largest radius of a SNR and presumably delineates the forward shock front interacting with dense molecular gas.
W44
The SNR W44 is located in the Galactic Plane (l, b) = (34.7, −0.4) at a distance about 3 kpc from us (Clark & Caswell 1976; Wolszczan, Cordes & Dewey 1991; Taylor & Cordes 1993) . The remnant is elongated, with radii of 11 × 15 pc with a mean radius of ∼ 13 pc (Chevalier 1999 ). W44 has long been observed to be interacting with dense molecular gas (e.g., Wootten 1977; Rho et al. 1994 ). The widespread OH masers (Claussen et al. 1997 ) and other evidence of molecular interaction (see Reach et al. 2005 and references therein) show that W44 is located in a well-defined GMC and propagating into the GMC, which has a radius of ∼ 58 pc and a total mass of ∼ 1.8×10
6 M , with a mean density of ∼ 60 cm −3 (Dame et al. 1986 ). Previous analytic work in the literature based on the scenario of SNR-clumps interaction estimated a much lower ambient interclump density to model W44. Rho et al. (1994) showed that W44 has an interclump ambient density of nH ∼ 0.09 − 0.26 cm −3 , which is far lower than the GMC mean density, and the SNR is in an adiabatic phase. Other work preferred that W44 is in the pressure-driven snow plow phase. Harrus et al. (1997) fitted the interclump density to be nH ∼ 3 − 4 cm −3 with an initial energy of ∼ (0.7 − 0.9) × 10 51 ergs. Chevalier (1999) modeled W44 in a interclump medium with density nH ∼ 4 − 5 cm −3 c 0000 RAS, MNRAS 000, 000-000 with an initial energy of 10 51 ergs, while Cox et al. (1999) suggested that the medium density is ∼ 6 cm −3 . All of these models give an order of magnitude lower ambient density than that of a typical GMC. The dense clumps may significantly increase the mean density of the overall surrounding medium around W44, but since the numbers and distribution of clumps are poorly understood, it is difficult to estimate the mean density of mixed clumps and an interclump medium. Also, none of these works considered turbulence of the GMC.
The detection of X-rays from W44 was first reported by the Astronomical Netherlands Satellite (Gronenschild et al. 1978) , then by many other X-ray satellites including Einstein, the European X-Ray Observatory Satellite (EXOSAT), the Röntgen-Satellite (ROSAT), the Advanced Satellite for Cosmology and Astrophysics (ASCA), Chandra and Suzaku (e.g., Szymkowiak 1980; Smith et al. 1985; Jones, Smith, & Angellini 1993; Rho et al. 1994; Harrus et al. 1996 Harrus et al. , 1997 Shelton et al. 1999 Shelton et al. , 2004 Uchida et al. 2012) . W44 is a typical SNR belonging to the class of mixedmorphology remnants. The X-ray images show that W44 is dominated by center-filled thermal X-rays, whereas the radio emission has an obvious shell showing SNR-MC interaction (Claussen et al. 1997; Reach et al. 2005) . No discernible Xray shell has yet been observed. Harrus et al. (1996) showed that in the Einstein band (0.2−4 keV), the X-ray luminosity is 4 +30 −3 × 10 33 ergs s −1 . The age of W44 can be estimated as ∼ 20 kyr, which is obtained from the central pulsar in the SNR (Wolszczan, Cordes & Dewey 1991) . W44 is thus a middle-aged SNR. A comparison of the morphology of W44 with our simulations indicates that W44 is more like ourn10 model than other models. With an age of ∼ 20 kyr, then10 model gives rSNR > 10 pc. The morphology of its X-ray image in Figure 8 shows an elongated structure with radii between ∼ 10 − 16 pc at t = 24.6 kyr, which is consistent with the morphology given by the radio image (Fig. 2 of Claussen et al. 1997 ). If we consider that the total X-ray (0.5-8 keV) is ∼ 10 34 ergs s −1 , then10 model in Figure 8 gives an age of ∼ 30 kyr, which is comparable to the age estimated for the center pulsar. Note that a more turbulent MC background leads to a lower X-ray brightness and younger age at a fixed LX . This may indicate that W44 is embedded in a highly turbulent medium with nH ∼ 10 cm −3 and supersonic turbulent Mach number M 10.
A stronger SNR-MC interaction have been observed in the eastern part of the remnant (Seta et al. 2004) , which indicates the ambient medium has a higher mean density in this region compared to the western part. We expect that nH ∼ 100 −3 cm −3 can be reached near the eastern side of the remnant. Yoshiike et al. (2013) observed that the atomic gas is 10% of the molecular gas, thus the ambient medium W44 is molecular gas dominated, and our estimatenH ∼ 10 cm −3 is still valid for most part of the ambient medium. One may expect that the molecular gas with high density is in the filamentary structure of the turbulent medium withnH ∼ 10cm −3 . Radio observations have traced the dense molecular gas interacting with the remnant with a density of ∼ 10 3 − 10 4 cm −3 , or even denser (Claussen et al. 1997; Reach et al. 2005) . However, fornH = 10 cm −3 , the most turbulent model MC3 (M = 30) in Section 2.1 only gives a small fraction of mass ∼ 0.7% with density 10 3 cm −3 . However, denser filaments can be generated from more turbulent medium. Note that in Section 2.1 we adopted the decaying model to generate the turbulent MC. It is possible that some extra sources maintain the turbulent energy in the MC, so the turbulent structure follows an "energy injection model" as described by Lemaster & Stone (2009a,b) , in which energy is provided into the medium in each simulation timestep. Figure 10 compares the density PDF from our decaying model MC3 to the energy injection model with M = 30 and 50. The lognormal density PDF for the "energy injection model" has a longer tail for high density gas than the decaying model. Neither the decaying model nor the energy injection model generated turbulence with low-density channels along some preferred directions, so we expect a SNR evolving in a highly turbulent medium generated by the energy injection model still has a comparable size as that in a uniform medium with the samenH. Another possibility to create very dense molecular filaments withnH = 10 cm −3 is due to the self-gravity of the MC, which leads to the collapse of the turbulent dense filaments and creates denser filaments and molecular cores compared to those do not include self-gravity.
In short, both adding energy injection into a highly turbulent medium or adding self-gravity may generate molecular filaments with high density ∼ 10 3 − 10 4 cm −3 with mean densitynH = 10 cm −3 . This estimated mean density is slightly higher than the estimated interclump density by previous analytic work, but note that our turbulence model is different from the analytic clump model for the MC. The mean density of the surrounding medium based on the clump model may increase by increasing the number of clumps, but our turbulence model fixed the mean density of the surrounding medium, which is about six times lower than the GMC mean density ∼ 60 cm −3 . A question then arises: if the MC turbulent structure is correct, why is the density of the ambient medium much lower than the mean density of the host GMC? One possible explanation is that feedback from W44's progenitor including radiation and stellar wind has already affected the ambient molecular gas and decreased its mean density. We expect our predictions of the MC properties around W44 can be tested by new observations. For example, future observations using the Atacama Large Millimeter Array (ALMA) can probably reveal highly resolved structure of the MC on the western side of W44.
Moreover, Cox et al. (1999) discussed the impact of thermal conduction and estimated that the central density and temperature of W44 are ∼ 0.7 cm −3 and ∼ 7 × 10 6 K respectively. In our simulations we neglect thermal conduction, so the central density is one order of magnitude lower but the temperature one order of magnitude higher than in Cox et al. (1999) . In order to directly compare the synthetic X-ray emission to highly resolved mixed morphology observations and explore the origin of mixed morphology, further work needs to be done to include thermal conduction in SNR simulations (see discussion in Section 6).
W28
The SNR W28 (or G6.4−0.1) is located at a distance between 1.6 to 4 kpc in the Galactic Plane (l, b) = (6.71, −0.05) (Goudis 1976; Lozinskaya 1981; Velázquez et al. 2002) . The angular diameter of W28 is ∼ 50 , corresponding to a radius of ∼ 15 pc (D/2 kpc). The size of W28 is comparable to that of W44. The estimated age of W28 spans from 33 kyr to 150 kyr (Kaspi et al. 1993; Velázquez et al. 2002; Rho & Borkowski 2002; Zhou et al. 2014 ), but it is most likely that its age is between 30 − 45 kyr (Giuliani et al. 2010; Zhou et al. 2014 ). The radio structure of W28 has been investigated for four decades (Kundu 1970; Shaver & Goss 1970; Milne & Wilson 1971; Goudis 1976) , and it has been observed to show MC interaction through OH masers lines, CO lines and other molecular lines implying shocked gas (e.g., Wootten 1981; Frail, Goss & Slysh 1994; Frail & Mitchell 1998; Claussen et al. 1997 Claussen et al. , 1999 Arikawa et al. 1999; Dubner et al. 2000) . The molecular interaction can only be observed in the northeastern part of the remnant, and the parent GMC with which W28 is interacting has a diameter of ∼ 25 pc and a mass of ∼ 1.4 × 10 6 M , corresponding to an mean density of ∼ 600 cm −3 (Dame et al. 2001; Reach et al. 2005 ). The X-ray observations of W28 have been carried out by several generations of X-ray satellites including Einstein, ROSAT, ASCA, XMM-Newton, Chandra and Suzaku Rho & Borkowski 2002; Keohane et al. 2005; Kawasaki et al. 2005; Sawada & Koyama 2012; Pannuti et al. 2017) . The X-ray maps show a primarily centerfilled thermal component with partial shells at the northeast and southwest of the SNR. Therefore W28 also has a mixed morphology. The estimated total X-ray luminosity by ROSAT is ∼ 6×10 34 ergs s −1 (Rho & Borkowski 2002) , much brighter than W44.
We compare both the X-ray data and the size of W28 to our simulations. Since the age is uncertain, we can compare W28 to all the models in Figure 9 . For LX = 6 × 10 34 ergs s −1 , runs withnH = 100 cm −3 give an age 10 kyr, which is too young to match the observation. Also fornH = 100 cm −3 and an age of 30 − 45 kyr, the average size of a SNR is ∼ 5 − 6 pc, much smaller than the observed remnant. The models withnH = 100 cm −3 are ruled out. Runn10 in Figure 9 constrains the age of SNR to 26 kyr, which is still slightly younger than W28, while runn1 gives an age of 55 kyr, which is a bit older than W28's age. However, according to Figures 6 and 8, then1 model with an age of 55 kyr has a much larger size that the radius of W28 (∼ 15 pc). Then1 model is unlikely to describe W28. On the other hand, we expect that a SNR in a medium with a mean density of ∼ 10 cm −3 and a turbulent structure similar to MC2 to be consistent with the combination of age and X-ray data of W28. Note that runn10 in Figure 8 shows an elongated structure, in particular, a longest radius of ∼ 15 pc at t = 24.3 kyr. A less turbulent medium gives a more spherical morphology but brighter X-ray emission. We expect that replacing runn10 with a less turbulent background would show a more spherical morphology and a radius of ∼ 15 pc at at t ∼ 30kyr.
One may find an issue that the above estimate assuming that the remnant is embedded in a GMC. Since W28 is only partially interacting with its host GMC, the mean density we estimate may not be for the MC, but for the atomic medium which around the remnant. For the atomic medium, turbulence is probably not important. However, note that the distance between the remnant center to the northeastern shell shown by X-ray observation (Rho & Borkowski 2002 , see their Figs. 1-5) spans ∼ 20 − 25 , which is comparable to the averaged radius of the remnant if the SN exploded near the center of the remnant. We expect that the density of the MC is also comparable to that of the ambient atomic medium. Since the SNR-MC interacting region is brighter with a shell X-ray emission, we expect that the MC has low turbulence since a smoother MC gives brighter X-ray emission. This result may conflict with radio observations which also traced dense molecular gas with ∼ 10 3 − 10 4 cm −3 as W44. In this case, the high-density molecular gas cannot be modeled by the filaments of the MC turbulence. Clumpy molecular clouds with a low density interclump molecular medium are probably more realistic to explain the observations.
To summarize, the observations of W28 can be modeled as an SNR partially interacting with a MC with a density ofnH ∼ 10 cm −3 and a supersonic turbulent Mach number M 3, if the SN occurred near the center of the remnant. Since the averaged density of the host GMC is large (∼ 600 cm −3 ), the question why the estimated mean density around W28 is much lower than that of its parent GMC is even more serious than that for W44. In addition to the scenario of strong stellar feedback, another possibility is that the SN actually occurred near the interface between the turbulent MC gas and lower density atomic gas. We have found that a 10 51 ergs SN in a typical MC with ∼ 100 cm −3 expands only to a radius of 5 − 6 pc in 30 kyr, so the molecular clumps with a density of 10 3 − 10 4 cm −3 can be explained as the filaments of the turbulent MC. The other part of the SN energy then drives a larger shocked region in an HI envelope that may be surrounding the MC. The outer contours of radio emission then delineate the forward shock front of the SNR. Iffrig & Hennebelle (2015) have made a start of modeling a SN explosion close to the edge of a turbulent MC. More detailed simulations are needed that can be compared to observed remnants.
IC 443
IC 443 (G189.1+3.0) has a distance of 1.5 kpc with a diameter of 45 (Lozinskaya 1981; Fesen et al. 1984) , corresponding to a radius of ∼ 10 pc. IC 443 is another example of SNR interaction with molecular gas. The MC in front of the SNR was first discovered by Cornett, Chin & Knapp (1977) , and the SNR-MC interaction and shocked molecular gas have been discovered and confirmed by OH masers, CO, H2 and other molecular features (e.g., DeNoyer 1978 DeNoyer , 1979a Burton et al. 1988; Ziurys, Snell & Dickman 1989; Dickman et al. 1992; Claussen et al. 1997; Rho et al. 2001; Hewitt et al. 2006; Xu, Wang & Miller 2011; Lee et al. 2012) . The remnant shows a complex ambient environment. Only the central part of the remnant is propagating into molecular gas, while the northeastern part is interacting with atomic clounds (Lee et al. 2008 (Lee et al. , 2012 .
A variety of X-ray observations have been carried out by Einstein, Ginga, ROSAT, ASCA, XMM-Newton, Chandra and NuSTAR to show that IC 443 has an extended thermal X-ray emission with some point sources (Petre et al. 1988; Wang et al. 1992; Asaoka & Aschenbach 1994; Kawasaki et al. 2002; Troja, Bocchino & Reale 2006; Zhang et al. 2018 ). The early X-ray observations suggested that the remnant is very young (Wang et al. 1992; Petre et al. 1988) , but measurements of the transverse velocity of a central pulsar show that the remnant's age is ∼ 30 kyr (Olbert et al. 2001) . IC 443 is also categorized as a mixed-morphology remnant, since the X-rays show a center-filled structure. The X-ray luminosity from 0.2 to 4 keV is estimated to be ∼ 5 × 10 33 ergs s −1 (Olbert et al. 2001 ). The SNR-MC interaction region has a diameter of 20 , corresponding to a radius of 4.4 pc, which is much smaller than in W44 and W28. We estimate that the mean density of the MC is about ∼ 100 cm −3 , which is the typical MC density. It is uncertain how much X-ray emission is contributed by the SNR-MC interaction. A simple estimate gives the emission as LX 5 × 10 33 (20 /45 ) 2 10 33 ergs s −1 . Note that the most X-ray bright region is in the atomic region, the real X-ray lumiosity from the MC region may be lower than our estimate. However, Figure 9 shows that the fiducial and MC3 run give LX ∼a few ×10 31 ergs s −1 at t = 30 kyr, which is much lower than the observed X-rays. The MC2 run shows ∼ 10 32 ergs s −1 , thus we suggest that the MC2 run is closer to the real environment in front of IC 443.
Also, we estimate that for the atomic medium a mean density of ∼ 30 cm −3 with the same turbulent structure as MC3 is consistent with both the age and the X-ray luminosity of IC 443. This estimate is basically consistent with Chevalier (1999) , who estimated the density of ambient medium as ∼ 15 cm −3 . The remnant is likely to occur near a MC, expanding into the high-density filaments of the MC, then propagating into the low-density surrounding atomic medium.
CONCLUSIONS AND DISCUSSION
In this paper we investigate whether the interaction between core-collapse SN explosions and turbulent MCs show observational evidence that can reveal the properties of the surrounding medium. We perform a series of 3D hydrodynamic simulations to model the evolution of individual SNRs with radiative cooling in an inhomogeneous medium and supersonic turbulence. The turbulent structure is generated by initial velocity perturbations with a Gaussian random distribution and a Fourier power spectrum |v 2 (k)| ∝ k −4 . The density and volume PDFs of the medium then follow lognormal distributions, as shown in equation (1). The properties of the turbulent medium are determined by the initial turbulent Mach number M. We generate three turbulence models with M = 10 (MC1), M = 3 (MC2) and M = 30 (MC3).
Following Kim & Ostriker (2015) , the expansion of a SNR in an inhomogeneous medium can be measured by the average radius rSNR = shell ρr(∆x) 3 / shell ρ(∆x) 3 , where the SNR shell region is defined as the zones with temperature T < 2 × 10 4 K but radial velocity vr > 1 km s −1 . We find that rSNR is mainly controlled by the mean density of the surrounding mediumnH (Fig. 6) . For a fixednH, the average radius rSNR only slightly changes due to the different turbulent structure of the surrounding medium (Fig.  5) . Therefore, the analytic estimate of rSNR for a uniform surrounding medium can approximately describe the size of SNR with rSNR ∝ E 0.227 0 (nH) −0.263 , where E0 is the initial energy of the supernova. This conclusion is different from that in Martizzi et al. (2015) , who found faster expansion of a SNR in a more turbulent medium. The main reason of the difference is caused by different turbulent structures. Martizzi et al. (2015) used the lognormal density PDF with a power spectrum for spatial correlations to generate the turbulent density, while we use an initial Gaussian velocity perturbation in a uniform medium to observe the evolution of turbulence. The low-density channels along some preferred directions in Martizzi et al. (2015) help a SNR propagate faster in these channels than other high-density region, but we find that in our turbulence model there are no such channels along special directions. The high-density filaments around a SNR eventually slow down the SNR in each direction. Our turbulence model is also different from both the multiphase ISM model (Kim & Ostriker 2015; Kim, Ostriker & Raileanu 2017; , and the clumpy cloud models discussed by some analytic and numerical work Chevalier 1999; Ferrand, Decourchelle & Safi-Harb 2014) .
For fixednH, we find that a SNR in a more turbulent medium has stronger radiative cooling and less momentum feedback into the surrounding medium compared to that in a less turbulent medium. These results are consistent with the synthetic X-ray emission from SNRs. Using the CIE broadband X-ray emission for simplicity, we simulate the synthetic X-ray images (Fig. 8 ) and light curves LX (Fig. 9 ) from our simulations. Although the X-ray luminosity still mainly depends onnH, the turbulent structure of the surrounding medium may cause LX to vary by an order of magnitude between a SNR in a highly turbulent medium compared to that in a uniform medium. A more turbulent medium leads to dimmer X-ray emission from the SNR. Moreover, in contrast to the 2D slices with complex finger structure in the interface, the X-ray images show clear and smooth boundaries between SNRs and the ambient MC background. This is because the line-of-sight integration (equation 3) smooths out the finger structure shown by 2D slices.
We compare our simulations to observed SNRs, in par-ticular, to W44, W28 and IC 443. W44 is embedded in a GMC and propagating into it, making it a good candidate to be compared to the simulations. Since W28 and IC 443 appear to be only partially interacting with their host GMCs, we give only rough constraints on their MC environment. Since W44 is an elongated remnant with radius of 11 × 15 pc and an age of ∼ 20 kyr, we estimate that the MC around W44 has a mean density of ∼ 10 cm −3 , which is lower than the mean density of the global GMC. The low X-ray luminosity of W44 indicates that W44 may be propagating in a highly turbulent medium with turbulent Mach number M 10. The molecular gas with high density ∼ 10 3 − 10 4 cm −3 can be explained as the filaments of the turbulent MC. For W28, we estimate that its ambient medium hasnH ∼ 10 cm −3 , but is less turbulent (M 3) compared to the medium around W44 (M 10). Since part of W28 is out of the MC region, the estimated ambient density may refer to the atomic medium. If the SN occurred at the center of the remnant, we expect that the MC has a similar mean density as the whole surrounding medium. Another possibility is that the SN occurred close to a MC with a typical density of ∼ 100 cm −3 and expanding into a low-density atomic medium. This is the "shock breakout" scenario for the remnant. For IC 443, we estimate that the MC in front of the remnant hasnH ∼ 100 cm −3 , which is the typical density of MC. The density of the ambient medium around W44 and W28 is significantly lower than that of global GMCs. The lower density may indicate that stellar feedback including radiation and stellar winds from the SNRs' progenitors may play an important role in shaping the environment of massive stars. We expect future high-resolution observations using ALMA to better probe the properties of the GMCs associated with these SNRS, and to test our turbulent models of MC interaction.
There are many directions that are beyond the scope of our paper and worth exploring. One direction is the addition of thermal conduction into SNR simulations. Since we do not directly attempt to use the synthetic X-ray emission from our simulations to explain the phenomena of mixed morphology, we neglect thermal conduction in our work. A relevant work has been done by Ferrand, Decourchelle & Safi-Harb (2014) , who simulate the interaction between SNRs and clumpy clouds which are evaporated by thermal conduction, and test the analytic model of . Although the evaporation of clumpy clouds probably does not significantly contribute to the center-filled X-ray emission, thermal conduction in the hot interior SNR may be important. Harrus et al. (1997) found that conduction is necessary to fit X-ray emission from W44, and proposed that conduction may dominate energy transport in W44 and prevent formation of a low density cavity inside the remnant. The center-filled morphology of X-ray emission from W44 may be explained by thermal conduction in the remnant. However, no numerical simulations have been carried out to test Cox et al.'s scenario and explore the impact of conduction.
Another issue is the treatment of broadband X-ray emission. So far we use the CIE broadband emission as an approximation to calculate X-ray emission, but a more realistic model of X-ray emission from SNR-MC interaction should use NEI instead of CIE emission especially in the interface region with T < 10 6 K. We encourage future simulations to generate synthetic X-ray emission using NEI emission and directly compare to the high-resolution Xray observations. Orlando et al. (2016) used the NEI emission model VPSHOCK available in the XSPEC package along with the NEI version 2.0 atomic data from ATOMDB (Smith et al. 2001 ) to synthesize the X-ray emission from SN 1987A. Our turbulence models do not include self-gravity and magnetic fields. The timescale of gravitational contraction is tcc ∼ (π/Gρ) 1/2 ∼ 5.3 Myr (nH/10 3 cm −3 ), which is comparable to the lifetime of the SNR progenitor stars. Therefore self-gravity can be important to model the collapse of the high-density clumps or filaments in the turbulent medium. Numerical simulations have revealed that as self-gravity is included, the gas density of a turbulent medium still follows a lognormal distribution, with the addition of a high-density power-law tail (Kritsuk, Norman & Wagner 2011; Pan et al. 2016) . Self-gravity is also worthwhile to be further discussed in the context of the formation of high-density molecular filaments. Also, the lognormal distribution of magnetohydrodynamic turbulence may be different from that without magnetic fields (Li et al. 2004 (Li et al. , 2008 Lemaster & Stone 2009b) . Magnetic fields may not be significant to the evolution of a middle-aged SNR (Kim & Ostriker 2015) , but the interior magnetic field structure inside the remnant is crucial to modeling radio emission. Future studies also need to consider magnetic fields and to compare to radio observations. ACKNOWLEDGMENTS DZ thanks C. Y. Chen and E. Ostriker for sharing the athena code for the turbulence driver, and S. Davis and C. G. Kim for helpful discussions. This work used the Extreme Science and Engineering Discovery Environment (XSEDE), which is supported by National Science Foundation (NSF) grant No. ACI-1053575. We also used the computational resources provided by the Advanced Research Computing Services (ARCS) at the University of Virginia, and computational sources from S. Davis. DZ acknowledges support from NSF grant AST-1616171, and RAC from the National Aeronautics and Space Administration through Chandra Award Number TM6-17004X issued by the Chandra X-ray Center, which is operated by the Smithsonian Astrophysical Observatory for and on behalf of the National Aeronautics Space Administration under contract NAS8-03060.
APPENDIX A: ANALYTIC ESTIMATE OF A SNR EVOLUTION WITH RADIATIVE COOLING
We consider a SNR expands in a uniform medium. The initial energy of the SNR is E0 and the density of the ambient medium is nH. After the SNR moving into the ST stage, the entire SNR can be described by the ST self-similar solution. The shock radius, velocity and temperature behind the postshock are given by (Draine 2011 
where E0,51 = E0/10 51 ergs, nH,1 = nH/10 cm −3 , and t3 = t/10 3 yr. According to Draine (2011) , if the radiative cooling function in a range of 10 5 K < T < 10 7.5 K is simply treated with a power-law formula Λ ≈ C(T /10 6 K) −0.7 nHne (A4)
with ne being the electron number density in the ambient medium and C = 1.1×10 −22 ergs cm −3 s −1 , the cooling time, shock radius, velocity, and the temperature behind the postshock when the SNR transfers from the ST stage to the snow plow stage are given by t rad = 12.4 kyr E 
T rad = 1.03 × 10 6 K E 
Note that for nH = 100 cm −3 , we have t rad ≈ 3.5 kyr E 0.22 0,51 , which is consistent with the uniform run (Fig. 5) in the paper.
During the snow plow stage driven by thermal pressure of the SNR, the gas in the SNR hot interior can be treated approximately as in an adiabatic process and the pressure of the SNR has PSNRv 
